The existence and the properties of angotensin H receptors in the adult bovine and human corpusco (CC) were investigated by using Xenopus 
tensin I elicited oscillatory Cl-currents due to activation ofthe inositol phosphate/Ce3+-receptor-channel coupling system. The receptors expressed in oocytes and in CC cultures were p h rlo y similar to the AT1 receptor type as assayed by binding. Northern blot analysis and in sits hybridization studies In sections from CC and in gia cultures revealed that the receptors were molecularly related to the AT1 receptor and that they were present in astrocytes. In these cells, activation of the receptors with angiotensinII Increased de novo DNA synthesis, promoted the release of aldosterone, and induced c-Fos epresion. These fnings indicate that CC astrocytes possess functional AT1 receptors that participate in various physiological processes.
Angiotensin II (All), the effector peptide of the reninangiotensin system, is an important regulator of blood pressure and body fluid homeostasis. In the brain, stimulation of All receptors leads to a complex pattern of cardiovascular and endocrine effects and to changes in behavior (1) . Receptor autoradiography has shown relatively high levels of All binding sites in various subcortical areas, such as the hypothalamic region (2, 3) , and that both neuron and astrocyte cultures from newborn rat brain contain specific All binding sites with distinct pharmacological properties (4) .
The presence ofAll receptors in astrocytes adds a member to the list of neurotransmitter receptors found in glial cells (5) (6) (7) (8) (9) . Although their precise physiological significance in vivo is not known, glial transmitter receptors may have an active role in brain signaling. Most studies of glial receptors have used cultured cells from the whole brain of newborn animals, or the immature brain, an approach that has several important limitations, such as the lack of knowledge about the anatomical origin of the cells examined-most critically, distinguishing between gray or white matter. Moreover, the culture process itself can alter the types and properties ofglial receptor expression (8, 10) . Therefore, it is important to study the properties and types ofglial receptors by using techniques that provide direct information about glial cells from adult brain.
Recently, we have used Xenopus laevis oocytes in combination with molecular biological techniques to study the neurotransmitter receptors and voltage-dependent channels occurring in the adult corpus callosum (CC) (11) .. Using the same approach, we report on the presence of All receptors in bovine and human CC, as well as the properties of All receptors in astrocyte cultures and in Xenopus oocytes injected with adult bovine CC mRNA. In addition, we describe some of the physiological consequences of receptor activation.
MATERIALS AND METHODS
Islation of mRNA, Injectin into Oocytes, and Electrophysiology. Tissue samples from human and bovine CC were obtained as described (11) . mRNA was extracted by the guanidinium/phenol/chloroform method (12) and purified by oligo(dT)-cellulose chromatography. Techniques for injection of mRNA and for electrophysiological recording from oocytes have been described (13) (14) (15) . Oocytes were injected with 50 nl (50-100 ng) of mRNA and treated with collagenase 2 days later to remove the follicular cell envelope (16) . Agonist-induced membrane currents were recorded 5-8 days after injection. The AII antagonists DuP753 and PD123319 were kindly provided by DuPont/NEN. Other reagents were from Sigma. Current amplitudes are given as mean ± SEM.
Astrocyte Cultures. Pieces ofbovine CC, free of meninges, were minced in Hanks' balanced salt solution and cells were then gently dissociated with a sterile Pasteur pipette. The cells were suspended in Iscove's modified Dulbecco's medium supplemented with 10%6 fetal bovine serum, penicillin (100 units/ml), streptomycin (100 pg/ml), and amphotericin B (0.25 ug/ml) and were seeded into flasks (Primaria, Falcon). The Northern Blot Analysis and in Situ Hybridization. Blot and in situ hybridizations were carried out as described (11) . Briefly, mRNA was fractionated in a 1% agarose/formaldehyde gel, transferred to a membrane, hybridized overnight at 680C, and washed in 0.5x standard saline citrate (SSC)/0.1% SDS at 650C. For in situ hybridization, blocks of tissue were fixed in 4% paraformaldehyde in 0.1 M sodium phosphate buffer (pH 7.4) and cut in a cryostat. Sections were hybridized overnight at 420C and washed in 0.5 x SSC at 370C. Astrocyte cultures were fixed with 4% formalin in phosphate-buffered saline (pH 7.4) and treated first at -20'C with 5% acetic acid in ethanol and then at 370C with proteinase K (1 ,ug/ml) in 0.1 M Tris HCl/50 mM EDTA, pH 7.4. Hybridization and washings were as described above. Detection of label was carried out with chemiluminescent (Northern) or colorimetric (in situ) substrates as indicated by the supplier. Reagents were purchased from Boehringer Mannheim.
Immunocytochemistry in Cell Cultures and Enzyme-Linked
Immunoassays. Immunocytochemical techniques to characterize the bovine CC astrocyte cultures (9) used rabbit anti-glial fibrillary acidic protein (Dakopatts, Glostrup, Denmark), mouse anti-vimentin (Dakopatts), mouse anti-A2B5 epitope (American Type Culture Collection), and rabbit anti-myelin basic protein (Dakopatts) antibodies.
To measure the changes in the levels of aldosterone in conditioned culture medium, quiescent astrocytes were stimulated for 30 min to 8 hr with 1 ,uM AII in basal medium. Aldosterone secretion was quantified by standard enzymelinked immunoassay using a specific antiserum (Chemicon).
Proliferation ,uM) was as described above. Cells were then detached with a rubber policeman and homogenized in electrophoresis buffer for SDS/PAGE in 7-15% acrylamide gradient gels and subsequent procedures as described (19) . Sheep antiserum to c-Fos was purchased from Serva. Label was revealed by chemiluminescence using Lumi-Phos 530 (Boehringer Mannheim).
RESULTS Electrophysiological Properties of AU Receptors. In oocytes injected with bovine and human CC mRNA, All but not angiotensin I elicited an oscillatory Cl-current ( Fig. 1 A and  B ) characteristic of responses evoked by stimulation of the inositol phosphate/Ca2+-receptor-channel coupling system (20) . The current was similar to that observed upon activation of native muscarinic acetylcholine receptors or receptors induced by brain mRNA (14, 20) or CC mRNA (11) . Responses to All were greatly reduced or abolished upon repeated applications, and recovery from this desensitizated state was very slow. Sometimes the responses did not recover fully even 1 or 2 hr after the first application of AII. For this reason, when the responsiveness of CC mRNAinjected oocytes to angiotensin I and All was tested, these were alternatively used for the first agonist application. The injected oocytes did not respond to angiotensin I and, moreover, an initial application ofangiotensin I did not desensitize the receptors to a subsequent application of All (Fig. 1A) . Membrane current responses were blocked by DuP753, a selective AT1 receptor antagonist (4) .
Since it is known that native-i.e., noninjected-oocytes may be sensitive to All (21) , only frogs that yielded oocytes with little or no response to All were used. Thus, the average peak amplitude of AII-induced currents in oocytes injected with CC mRNA was =10 times that in control oocytes (Fig.  1C) . To assess the overall expressional potency of the different CC mRNA preparations used, kainate responses were routinely monitored in injected oocytes (Fig. 1B) . Kainate elicited a smooth inward current with amplitude and properties similar to those described for oocytes injected with CC mRNA (11) .
Pwmaa~loa of AU Receptors in Cultures from Adult CC. All and DuP753 competed strongly for 125I-AII specific binding ( Fig. 2) with respective IC50 values ofabout 4 nM and 40 nM, similar to those obtained for astrocyte membranes from neonatal rat (4) . Angiotensin III was also a strong competitor (IC50 10 nM), while angiotensin I and the AT2 receptor-selective ligand PD123319 displaced specifically bound 125I-AII only at relatively high concentrations (IC50> 10 pM; Fig. 2 ). The binding of 'l2I-AII was reversible but full recovery after a 30-min exposure to 1 ,uM All took >6 hr. Similarly, binding assays in oocytes injected with CC mRNA indicated that full recovery of '25I-All specific binding took several hours (data not shown).
Molecular Properties ofCC mRNA Encoding AH Receptors. The experiments described above indicated that the All receptors were of the AT1 type. In consequence, we investigated the presence of CC mRNA coding for All receptors by using a digoxigenin-labeled RNA probe synthesized by in vitro transcription of a cDNA clone from bovine adrenal cortex encoding an AT1 receptor, obtained by PCR (unpublished work). The clone sequence is identical to that reported before (22) . Northern blot analysis with the AT1 receptor probe revealed hybridization signals in several CC mRNAs (Fig. 3) . With bovine CC mRNA the probe bound to bands of about 3.3, 2.0, and 1.0 kb, whereas only the 1.0-kb band was observed with human CC mRNA. Thus, there are differences in the CC mRNAs coding for All receptors in human and bovine CC, a fact that could reflect unique receptor subtypes or alternative splicing. The first possibility is consistent with studies demonstrating that most tissues express a mixture of receptor subtypes with different abundances (23) . The 3.3-kb population corresponds in size to the major species of All receptor mRNA found in bovine adrenal cortex. Most of the CC All receptor transcripts are smaller than those in the adrenal cortex, suggesting that the All receptors in bovine and human CC are smaller. This observation corresponds well with results of photoaffinity labeling which show that ARl receptors are larger in the adrenal cortex and pituitary glands than in other All target tissues (24).
Locali1atio of All Receptors. In situ hybridization studies in bovine and human tissues indicated that All receptor mRNAs were located in numerous cells scattered throughout the extent of the CC (Fig. 4A) . Rat adrenal sections were processed in parallel with those from CC, and hybridization signals were observed in both adrenal cortex and medulla (Fig. 4C) . The intensity of label was especially high in the cortical glomerulosa layer, an area which is rich in All binding sites (25) and from which the All type-1 receptor was cloned (22) . A sense probe, used as a negative control, gave no signal (Fig. 4B) .
In bovine glial cultures, mRNA encoding All receptors was detected in most cells (Fig. SA) . Because our glial cultures from adult bovine CC were devoid of oligodendrocytes, we studied glial cultures from newborn rat cerebral cortex, in which cells with the typical features of mature oligodendrocytes are usually observed (17) . The level of All receptor mRNA in these cultures was lower than in bovine glial cultures and it was restricted to cells with the appearance of 0-2A precursors and type 2 astrocytes (Fig. 5B) . We did not observe hybridization signal in mature oligodendrocytes. These results suggest a developmentally regulated expression of All receptors in astrocytes, a finding which may help to explain studies indicating that All is effective in inducing secretion of some proteins in astrocytes derived from 21 day-old rat but not in astrocytes from neonatal brain (26) .
AII Induces Ceil Proliferation, Aldosterone Relse, and c-Fos Expression in Astrocyte Cultures. Incubation ofcultured bovine astrocytes with All induced a dose-dependent proliferative effect as measured by the rate of [3H]thymidine incorporation (Fig. 6A) . The effect was observed at concentrations of All as low as 10 nM and reached a maximum at 10 ,uM (EC5o 200 nM). Medium conditioned by astrocytes exposed to 1 pM All contained small but definitive amounts of aldosterone (Fig. 6B) .
The effect of All on the level of the immediate early gene product c-Fos in bovine astrocytes was assayed by immunocytochemical and immunoblot analysis using an anti- synthetic peptide antibody. Under our culture conditions, serum-deprived astrocytes already expressed low amounts of c-Fos, but this was clearly increased after incubation with 1 ,uM All (Fig. 7) . Induction of c-Fos was noticeable about 30 min after All exposure and reached a maximum about 8 hr later (Fig. 7) .
DISCUSSION
Our results show that adult CC cells, both in vivo and in vitro, possess All receptors of the AT1 type. Previous pharmacological studies have shown AT1 binding in astrocyte cultures derived from whole brain of newborn rat and that those receptors are coupled to stimulation of inositolphospholipid hydrolysis (4). In Xenopus oocytes, endogenous (21) and exogenous (27) All receptors are positively coupled to phospholipase C, stimulating hydrolysis of inositolphospholipids and generation of inositol 1,4,5-trisphosphate. This intracellular messenger then triggers the release of Ca2+ from intracellular stores and subsequent activation of Ca2+-gated Clchannels (13, 28 (11) . Hence, the All receptors and their corresponding mRNA appear to be located exclusively in glial cells. In fact, our experiments using glial cell cultures from adult bovine CC and newborn rat cerebral cortex indicate that the receptors are present in astrocytes. However, it is possible that some AII receptors may also be present in oligodendrocytes, a cell type that expresses certain neurotransmitter receptors (29) . Recent work in our laboratory (11) and by others (30) has identified neurotransmitter receptor genes in white-matter glial cells. Little is known about the physiological responses elicited by activation of the glial receptors. The lack of neurons in white-matter areas suggests that activation ofglial transmitter receptors is not primarily involved in the modulation of neuronal excitability, as reported for glial transmit- (39) . Interestingly, AII induces DNA synthesis in a neural cell line and in transfected cells (40) .
Neurotransmitter receptor activation can also lead to the induction of c-Fos transcription factor in both neurons and astrocytes (41, 42) , an event that causes phenotypic changes (41) . In the case of AII receptors, these changes may include qualitative and quantitative variations in the synthesis and secretion of substances such as aldosterone. In addition, the induction of the c-fos protooncogene may mediate the proliferative effect of AII on astrocytes, since c-fos antisense mRNA can block renewed growth of quiescent 3T3 cells (43) .
In 
